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and superior water-to-salt  permeabili t ies of t he  Pyr rones  r e l a t ive  to  symmetric c e l l u l o s e  
a c e t a t e  membranes. Coupled with better mechanical strength and chanical resistance,  these 
resu l t s  sugges t  tha t  the  successfu l  fabr ica t ion  of asymmetric Pyrrone membranes could 
l e a d  t o  s u b s t a n t i a l  improvements over asymmetric c e l l u l o s e  a c e t a t e ,  from which the  bes t  
reverse osmosis membranes are  current ly  prepared.  
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EVALUATION OF PYRRONES AS MEMBRANES 
By H. Scot t  and F .   L .   Sera f in  
The F r a n k l i n  I n s t i t u t e  Research  Laboratories 
1 .  INTRODUCTION 
Polyimidazopyrrolone or Pyrrone polymers are a new class of thermally 
s table  and radiat ion resis tant  aromatic-heterocycl ic  polymers  developed by 
i n v e s t i g a t o r s  a t  the Langley Research Center of the National Aeronautics 
and  Space  Administration  (references  1-3).  We suggested that  Pyrrone mem- 
branes may b e  u s e f u l  i n  t h e  p u r i f i c a t i o n  of water by reverse osmosis.  In 
a d d i t i o n  t o  a high water content  (up to  12 w t  %), Pyrrones  fea ture  grea te r  
chemical  and  mechanical  durabili ty  than  cellulose acetate. Low d u r a b i l i t y  
is a p r i n c i p a l  drawback holding up l a r g e  scale water pu r i f i ca t ion  app l i ca -  
t i ons  o f  ce l lu lose  acetate membranes which i n  o t h e r  r e s p e c t s  are gene ra l ly  
regarded as the  most promising membranes developed to date.  
This  report  descr ibes  direct  osmosis  measurements  of  water, s a l t  and 
urea fluxes through Pyrrone membranes and a prel iminary evaluat ion of t h e i r  
a p p l i c a b i l i t y  as reverse osmosis membranes f o r  t h e  p u r i f i c a t i o n  o f  water i n  
spacec ra f t  l i f e  suppor t  sys t ems .  The polymers  investigated are shown i n  
Figure 1. 
Water fluxes of 1.8-15.8 pg/cm /sec through 2.5-30 u thick Pyrrone 
membranes observed i n  t h i s  s t u d y  compare favorably  wi th  repor ted  va lues  for  
c e l l u l o s e  acetate membranes obtained under similar condi t ions (reference 4) .  
Moreover, values of up t o  114  obta ined  for  the  permselec t iv i ty  or  the  A / B  
r a t i o  o f  i n t r i n s i c  water t o  s a l t  pe rmeab i l i t i e s  ( r e fe rence  5 )  of Pyrrone 
membranes were up t o  100 times g rea t e r  t han  such  r a t io s  ca l cu la t ed  from 
c e l l u l o s e  acetate f lux  da ta  ( re ference  4) .  Assuming A / B  = 100 for  Pyrrone 
and a mechanism whereby water and s a l t  are independent ly  t ransported across  
a Pyrrone membrane as has  been  found for  ce l lu lose  ace ta te  ( re ference  5 ) ,  
the  sa l t  r e j e c t i o n  was ca l cu la t ed  to  r each  99% a t  an  appl ied  pressure  of  
only 1 atm over the osmotic pressure (= 20 atm) of a 3 w t .  % N a C l  s o l u t i o n  
and 99.99% a t  120 a t m  app l i ed  p res su re ,  f ac i l i t a t i ng  h ighe r  r ecove r i e s  o f  
p u r i f i e d  water and/or  lower  requi red  appl ied  pressures  than  a t ta inable  wi th  
membranes having lower permselect ivi ty  such as a physical ly  analogous sym- 
metric type  of  ce l lu lose  acetate membrane (reference 4 ) .  Coupled wi th  
g rea t e r  du rab i l i t y  o f  Py r rone  membranes, these  f ind ings  ind ica te  Pyrrones  
may ou tpe r fo rm ce l lu lose  ace t a t e  membranes i n  water p u r i f i c a t i o n  by reverse 
osmosis. 
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2.  EXPERIMENTAL 
2 .1   Preparat ion o f  Mater ia ls  
Pyromell i t ic  dianhydride.  - (PMDA) (Princeton Chemical  Research) w a s  
sublimed for 6 hours through two l aye r s  o f  f i be rg la s  f ab r i c  on to  a cold 
f i n g e r  i n  a la rge  labora tory  subl imator  a t  20O0C/O.05 mm Hg. Three similar 
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Figure 1 . Step1  adder  Pyrrones 
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runs yielded 69 g.  of  color less  subl imate  melt ing a t  286-287°C. The y i e l d s  
were about 20-25%. Sublimation by entrainment in a stream of  n i t rogen  w a s  
b r i e f ly  inves t iga t ed .  H ighe r  y i e lds  were obta ined ,  bu t  the sublimate had a 
s l igh t ly  ye l low co lo r .  
3 , 3 ' , 4 , 4 '  - Benzophenone te t racarboxyl ic  ac id  d ianhydr ide  (BTDA). - 
(Gulf Chemical Corp.) was similarly sublimed and resublimed a t  255"C/0.025 
mm Hg. Melting points of products ranged from 221-228"C, apparent ly  depend- 
ing on exposure to moisture.  The l a r g e r  c r y s t a l s  w h i c h  f e l l  o f f  t h e  c o l d  
f inge r  had  the  h ighes t  me l t ing  po in t  when determined immediately following 
removal from sublimator.  Crystall ine powder which  remained on the  co ld  
f inger  had a lower melt ing point ,  as d id  c rushed  l a rge r  c rys t a l s  exposed  to  
a i r  f o r  a few minutes. 
3 , 3 '  - Diaminobenzidine (DAB) (Burdick and Jackson Laboratories,  Inc.)  
w a s  r e c r y s t a l l i z e d  from a 2:l  mixture of water and a c e t o n i t r i l e  a f t e r  treat- 
ment w i th  cha rcoa l  t o  y i e ld  a l i g h t  t a n  powder, m.p. 176"C, a f t e r  vacuum 
dry ing  for  2 days. A similar r e c r y s t a l l i z a t i o n  from water yielded a s l i g h t l y  
darker  product,  m.p. 174-175°C. Rec rys t a l l i zed  material w a s  used i n  a l l  
polymerizations.  
Dimethylacetamide ( E .  I. du Pont  de Nemours and  Co., I n c . , ) ,  55 ga l .  
drum q u a n t i t y ,  w a s  suppl ied on s p e c i a l  o r d e r  i n  5 g a l .  drum f i l l e d  a t  p l a n t  
under  ni t rogen.  I t  w a s  d i s t i l l e d  from PMDA f o r  u s e  as solvent  in  polymeriza-  
t i o n s .  
Polymerization 
The procedures were similar to  those descr ibed by i n v e s t i g a t o r s  a t  NASA/ 
Langley (references 1-3 ) .  The Pyrrone  polymer  of BTDA-DAB was prepared by 
adding 95 m l  of a solution of 12.89 g. (0.04 mole) of sublimed BTDA i n  100 
m l  DMAC t o  a s t i r r e d ,  h o t  (s 60°C) solution of 8.56 g.  (0.04 mole)  of DAB i n  
100 m l  DMAC i n  a preheated high-speed blender under nitrogen. The blender 
w a s  wrapped with heat ing tape.  After  30 minutes  of  s t i r r ing,  the remainder  
of t h e  BTDA s o l u t i o n ,  0 .65  g .  i n  5 m l  DMAC, w a s  added dropwise.  Stirring 
and heating were continued for one hour.  Then the  polymer  dope was c e n t r i -  
fuged. The supernatant  w a s  decanted  of f  and  s tored  under  n i t rogen  in  a dry 
ice ches t .  The prepolymer dope had an intr insic  viscosi ty  [Q] of  1.70  dl/g.  
The Pyrrone prepolymer of PMDA-DAB w a s  prepared i n  a similar manner 
excep t  t ha t  t he  ves se l  w a s  not  heated.  Upon completion of addition of the 
PMDA s o l u t i o n ,  s t i r r i n g  a t  room temperature w a s  continued for about one-half 
hour ,  y ie ld ing  prepolymer  so lu t ion  of  in t r ins ic  v i scos i ty  [Q] = 1.00. 
No excess anhydride w a s  used i n  e i t h e r  polymer preparat ion.  
Film Casting 
Films were cas t :  f rom prepolymer  so lu t ions  of  in t r ins ic  v i scos i ty  [n] > 1 
with  an  ad jus tab le-c learance  f i lm appl ica tor  on Pyrex  g l a s s  p l a t e s ,  6" X 6" 
polished on one side to 10 bands.  This w a s  done i n  a f i l t e r e d  l a m i n a r  a i r  
flow work s t a t i o n .  A f t e r  t h e  f i l m s  were cast ,  g e n t l e  h e a t  w a s  applied beneath 
t h e  p l a t e s  from two infrared heat ing elements .  After  one hour ,  the plates  
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were p l a c e d  i n  a forced a i r  oven set a t  100°C. The f i lms  were c u r e d  f o r  
var ious  times a t  100, 200 and 3OO0C as noted la ter  i n  Table 1. A f t e r  t h i s  
cur ing  cyc le ,  the  f i lms  were usua l ly  s t r ipped  f rom the  g l a s s  p l a t e  wh i l e  
i t  w a s  submerged i n  a water b a t h  t o  f a c i l i t a t e  removal. Film thickness 
ranged  from  2.5-30  microns.  Thinner  films cast on  g l a s s ,  t i n  ox ide  coa ted  
glass and Kapton could not be removed under water from subs t r a t e  w i thou t  
wr inkl ing  or  tear ing  the  Pyrrone  f i lm.  
2.2 Water and Solute Flux Measurements 
Water and s a l t  f luxes  were measured under direct  osmosis conditions 
using a g l a s s  ce l l  as shown i n  F i g u r e  2. An unsupported 2 cm2 membrane 
was clamped wi th  a neoprene gasket between two ha l f  s ec t ions  o f  t he  cel l .  
One s i d e  was f i l l e d  through a Teflon stopcock with 10 m l  deionized water 
and  the  o ther  s ide  wi th  10 m l  of a so lu t ion  of  3 w t  % s o l u t e  i n  d e i o n i z e d  
water. Both s i d e s  were maintained a t  a tmospheric  pressure with open a t t ached  
p ipe t  sec t ions ,  and  were s t i r r e d  a t  room temperature by Teflon coated mag- 
n e t i c  stirrers placed as c lose  as p o s s i b l e  t o  t h e  membrane. The gaske t ,  
stopcock and stirrer assemblies were exhaus t ive ly  Soxhle t  ex t rac ted  wi th  
water p r i o r  t o  u s e .  The  volume  of water passing through the membrane from 
the  de ionized  to  the  sa l t  s i d e  of membrane w a s  measured as a funct ion of  
time. The water volume inc rease  on t h e  s a l t  s i d e  w a s  measured p e r i o d i c a l l y  
by means of a graduated  p ipe t  sec t ion  a t tached  hor izonta l ly  to  the  cel l .  
On exceeding pipet  capaci ty ,  the water f lowing  out  of  the  p ipe t  was weighed 
pe r iod ica l ly .  S a l t  f l u x  i n  t h e  o p p o s i t e  d i r e c t i o n  was measured  conducto- 
met r ica l ly  wi th  P t  e l ec t rodes  on the  de ionized  water s i d e  o f  t h e  ce l l ,  using 
a d i r ec t  r ead ing  conduc t iv i ty  b r idge .  The readings were converted into.  
a c t u a l  sa l t  concent ra t ions  by  re ference  to  a graph of  res is tance vs .  s a l t  
concentrat ion constructed from cal ibrat ion measurements  of  the conduct ivi ty  
over a wide s a l t  concentrat ion range made i n  t h e  same cell .  
Urea f l u x  was measured  by co lor imet r ic  assay  ( re ference  6 )  of pe r iod ic  
inc reases  in  u rea  con ten t  on t h e  i n i t i a l l y  u r e a - f r e e  s i d e  o f  t h e  membrane. 
However, t o  i n c r e a s e  t h e  urea ava i l ab le  fo r  t he  a s say ,  bo th  compartments  of 
the  ce l l  were emptied and replaced by fresh 3 w t .  % urea  so lu t ion  and pure 
water r e s p e c t i v e l y  a f t e r  1 hour ,  2 hours ,  e tc . ,  as ind ica t ed  i n  Table 4 
g i v i n g  t h e  f l u x  r e s u l t s .  
Most experiments were t e rmina ted  wi th in  s ix  hour s ;  a few were continued 
up t o  72 h o u r s  o r  s l i g h t l y  beyond. In  these  l a t te r  experiments, when t h e  
capac i ty  of  the  p ipe t  on the  s a l t  water s i d e  was exceeded, the excess water 
was col lected and weighed in  a ta red  rece iver .  S ince  in i t ia l  exper iments  
i n d i c a t e d  t h a t  water and solute  f luxes through PMDA-DAB and BTDA-DAB mem- 
branes were s imi la r ,  and  PMDA w a s  more easi ly  purif ied and polymerized than 
BTDA, most measurements were made wi th  PMDA-DAB membranes. 
4 
STIRRER 
TEFLON MAGNETIC STIRRING BAR 
WITH CELCON  SUPPORT MEMBRANE7 
NEOPRENE  GASKET 
FLAT GROUND  GLASS  FLANGE- 1 
1 I- I 4 
I TEFLON SLEEVE 
PLATINUM LEAD 
TEFLON 
STOPCOCK 
-CUT  PIPETTE  SECTION 
Figure 2. Cell for Measuring Water and Solute F1 uxes Through a Membrane 
3.  RESULTS 
F i r s t  h o u r  water and salt  f luxes throug PMDA-DAB and BTDA-DAB membranes 
of  increas ing  th ickness  are shown i n  Tables 1-3. Urea f l u x  w i t h  time through 
two PMDA-DAB fi lms and a BTDA-DAB f i l m  is  given i n  Table 4. Water and salt  
f luxes through the same membranes are shown i n  more d e t a i l  i n  F i g u r e s  3-14. 
Indicated salt  f luxes  are based on measurements of the salt  concentrat ion 
p e r  m l  of water on i n i t i a l l y  i o n - f r e e  s i d e  o f  t h e  membrane and are uncorrected 
f o r  water volume con t r ac t ion  due to  f low of water to  the  o the r  s ide  o f  t he  
membrane. Resu l t ing  e r ro r  is n e g l i g i b l e  f o r  i n i t i a l  f l u x e s ,  b u t  a c t u a l  salt  
f luxes  a t  the  end of long runs are about 10-20% less than shown. 
One membrane was aged i n  human u r i n e  f o r  30 days a t  room temperature. 
Water and sal t  f l u x  measurements through 11.5 p f i l m  X before  and  af te r  ur ine  
exposure are inc luded  in  Table  1. 
The c e n t e r  area of a PMDA-DAB membrane exposed to  urea solut ion was 
sometimes noted t o  become a l i t t le  l i g h t e r  i n  c o l o r  i n  t h e  c o u r s e  o f  a run 
i n  comparison with the unchanged dark unexposed outer area held between the 
h a l f  cells. Also, the exposed area became  somewhat buckled as i f  t h e  polymer 
had extended due t o  a r e l a x a t i o n  o r  s o l v a t i o n  p r o c e s s .  
6 
Table 1 
First Hour Water and S a l t  Fluxes and A/B Ratio o f  Intrinsic Permeabilitiesa 
Through PMDA-DAB Membranes 
Thickness Cureb, and Hz0 Flux  NaCl F l u x  x lo3 
F i l m  IJ Trea tmen t c  - pg/cm2/sec  us/cm2/sec A/Ba 
B 
B (1/2 hr) 
F 
G 
0 
0 (27 hrs)  
E 
J 
J (1/2 hr) 
H 
K 
L 
I 
M 
X 
2.5 
2.5 
2.5 
2.5 
5 
5 
8 
8 
8 
10 
10 
11.5 
2s 
1s 
1 s  
5s 
2s 
4s 
1 s  
1u 
1 s  
3s 
1 ss 
5s 
9.7 
15.8 
2.6 
3.1 
2.1 
6.7 
6.4 
7.2 
6.8 
1.8 
2.6 
5.7 
5.7 
1.9 
2.1 
6.1 
3.6 
2.1 
2.3 
4.0 
5.4 
5.3 
0.08 
0.17 
5.4 
c 0.48 
2.5 
2.8 
1.6 
0.08 
1.9 
5.4 
1.5 
1.6 
0.6 
1.5 
1.5 
110 
49 
4.1 
> 6.6 
2.8 
2.5 
1.5 
32.01 
X (urine 
aged 30 
days 1 1.8 13.9  0.158 
N 13 gd 7.5 .08 114 
N (1/2 hr) 12.0 0.17 86.1 
A 30  1u 2.8  .08 42.7 
a See discussion section. 
F i l m  cure times and temperatures : 1 = 3 hours a t  100°C, 2 hours a t  200°C,  24 hours 
a t  3OO0C, 2 = same except 2 hours a t  3OOOC , 3 = same except 3 hours a t  3OO0C, 4 = 
same except 12 hours a t  300°C, 5 - 1/2 hr a t  100°C, 1/2 hr a t  150°C, 15 hours a t  300°C. 
F i l m  pretreatment: U = untreated,  S = soaked overnight i n  deionized water, SS = 
soaked overnight i n  s a l t  (NaC1) solut ion.  
Cured 1/2 hour a t  100°C, 1/2 hour a t  150°C, s t r ipped from glass  plate, Soxhlet 
extracted overnight w i t h  water, and cured further 15 hours a t  300°C. 
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Table 2 
First Hour Water and S a l t  Fluxes and A/B Ratio o f  In t r in s i c  
Permeabi 1 i tiesa Through BTDA-DAB Membranes 
Thickness Cureb, and H20 Flux NaCl Flux  x lo3 
- F i l m  p TreatmentC pg/cm2/sec ug/cm2/sec A / B ~  
T 8 so 3 . 3  1.6 2.5 
R 8 s3 4.1 0.56 8.9 
S 10 S6 2.6 0.14 22.6 
P 15 U 3.7 r 0.27 16.7 
Q 15 so 1.2 0.14 10.4 
a See  discussion  section. 
Films cured 3 hours a t  100°C, 2 hours a t  2OO0C, 24 hours a t  300°C. 
F i l m  pretreatments: U - untreated, S = soaked i n  deionized water overnight 
(0),  3 days ( 3 ) ,  and 6 days (6).  
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Table 3 
F i r s t  Hour Water and KC1 Fluxes and A/B Rat ios o f  I n t r i n s i c  P e r m e a b i l i t i e s a  
Through PMDA-DAB ( I )  and BTDA-DAB (11) Membranes 
b Thickness Hz0 Flux KC1 F lux  x l o 3  
F i l m  L pg/cm2/sec pg/cm2/sec A/ B~ 
IW 2.5 6.3 1.5 5.12 
I U  2.5 7.2 5.4  1.63 
I I V  5 1.1 0.5 2.68 
a See d iscuss ion  sec t ion .  
Cured 3 hours a t  l O O " C ,  2 hours a t  200°C 24 hours a t  300"Cy  and presoaked 
o v e r n i g h t  i n  d e i o n i z e d  w a t e r .  
I .  - 
9 
Table 4 
Water and Urea Fluxes and A/B R a t i o  o f  I n t r i n s i c  P e r m e a b i l i t i e s a  
Through PMDA-DAB ( I  ) and BTDA-DAB (I ) Membranes 
Thickness Cureb,  and Hz0 Flux  Urea  Flux 
F i l m  p Treatmentc  pq/cmz/sec  pg/cm2/sec 
IC (1  hr.)  18
(19 hrs . )  
I Z  (1 hr.)  10 
( 2  h r s . )  
(4  h rs . )  
( 8  h r s . )  
(48  hrs . )  
IY ( 1   h r . )  8 
(28  hrs.  ) 
1 su 1.4 
0.8  0.028 
2 u  1.1  0.061 
1.7 0.046 
1.7  0.038 
1 .o 0.038 
0.3 0.013 
0.7 
0.3  0.00028 
3 s  
A / B ~  
0.070 
0.044 
0.091 
0.110 
0.065 
0.057 
2.63 
a See d iscuss ion  sect ion.  
F i l m  cure  times  and  temperatures: 1 = 3 hours a t  100°C, 2 hours a t  200°C, 
24 hours a t  3OO0C, 2 = cured 1/2 hour a t  100°C, 1/2 hour a t  150°C, s t r i p p e d  
f rom g lass  p la te ,  Soxh le t  ex t rac ted  overn igh t  w i th  water ,  and cu red  fu r the r  
15 hours a t  3OO0C, 3 = same as 1 except 48 hours a t  300°C. 
F i l m  pret reatment :  U = untreated, S = soaked ove rn igh t  i n  de ion i zed  wa te r ,  
SU = soaked o v e r n i g h t  i n  3% urea. 
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Figure 4. In i t ia l  NaCl Flows Through Various PMDA-DAB Membranes 
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F igure  9 .  I n i t i a l  Water  Flow  Through  Soxhlet  Extracted 2 . 5 ~  
PMDA-DAB Membrane N ( M ) ,  and, Fol lowing 
Replacement o f  Sal ine  and Deionized Water by Fresh 
S o l u t i o n s ,  I n i t i a l  Water  Flow (AB),  Extended 
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the Same Membrane 
17 
225 
A KC1 RUN 
J WATER FLOW SALT FLOW 
/A 
/ 
/ 
/ 
W 
SALT FLOWS ON MOLAR BASIS 
F1 LM G W 
rlME (HRS 1 [NaCl] x IO5 [KC11 x IO 
0.5  2.6  4.6 
1.0 5.4 4.6 
4 . 0  20.0 20.0 
24.0 130.0 140.0 
30.0 150.0 175.0 
40 .0  200.0 250.0 
Figure 10. Extended Water and S a l t  Flows Through 
18 
2.511 PMDA-DAB Membranes 
I80 
- G 
TIME ( H R S )  
FIG. II INITIAL WATER FLOWS THROUGH 2.5p (GI AND 8p (HI 
PMDA - DAB MEMBRANES 
19 
90 
80 
60 
CI 
4- 
v € 2  
30 
20 
IO 
TIME (HRS) 
L 
Figure 12.  Ini t ia l  Water (-) and NaCl (- - -) Flows 
Through Untreated ( 0 )  and  Water-Presoaked 
( A )  811 PMDA-DAB Membranes K and L 
20 
EXTENDED TIME (HRS) 
0 20 4 0  60 80 100 
I I I I 
A 
I 
540 
460 
440 
4  20 
400 
380 
160 
I40 
i 
I 
I 
I 
I 
I 
I 
I 
n 
I 
I 
8 
I 
n 
I 
I 
INITIAL TIME (HRS) 
Figure 9. I n i t i a l  Water Flow Through Soxhlet Extracted 2 . 5 ~  
PMDA-DAB Membrane N ( O " - - - - O ) ,  and, Fol lowing 
Replacement of Saline and Deionized Water by Fresh 
Solu t ions ,  In i t ia l  Water Flow (~4). Extended 
Water (A- - -A) and NaCl (A- - -A) Flows Through 
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4. DISCUSSION 
4.1 Background 
The fou r  main types of processes which have been studied extensively for 
the economical removal of impur i t i e s  from water are: 
a. Dis t i l l a t ion   (organics   and   inorganics )  
b. Reverse Osmosis (organics  and  inorganics) 
c. Ul t ra f i l t ra t ion   (microorganisms  and   par t icu la tes )  
d .   E lec t rodia lys i s   ( inorganics )  
Reverse osmosis is  p resen t ly  cons ide red  compe t i t i ve  in  coa t  w i th  d i s t i l l a -  
t i on  p rocesses  fo r  app l i ca t ions  o the r  t han  the  l a rges t  seawater d e s a l i n a t i o n  
plants (references 7,8) even with the mechanical and chemical deficiences of 
c e l l u l o s e  acetate membranes indicated below (reference 8). Moreover,  they may 
a l s o  become t h e  most economical approach t o  seawater pur i f i ca t ion  once  durab.Ze 
membranes wi th  su i t ab ly  h igh  water and low s o l u t e  p e r m e a b i l i t i e s  become 
ava i l ab le .  
Development of reverse osmosis systems has been largely based on c e l l u l o s e  
a c e t a t e  membranes i n  view of t h e i r  h i t h e r t o  u n i q u e  h i g h  water and.low s a l t  
permeabi l i ty  charac te r i s t ics  ( re ference  9) .  Large  scale a p p l i c a t i o n  of t hese  
membranes, however, has been handicapped by their  compressibil i ty,  low w e t  
s t r eng th  and  suscep t ib i l i t y  t o  hydro lys i s ,  ox ida t ion  and microbial  degradation. 
Moreover, the porous mechanical support (Figure 15) needed for these films is 
a phys ica l  obs t ac l e  obs t ruc t ing  the  f low of water which is r e t a r d e d  f u r t h e r  
wi th  time by compression of the membrane against  the support .  These problems 
are being overcome t o  some e x t e n t  i n  r e c e n t  y e a r s  by using tubular  membranes 
or  bundles  of  mil l ions of  very f ine hol low f ibrous membranes (reference 8). 
I n  t h e  lat ter case s t ronge r  and more s t a b l e  polymers such as Nylon wi th  less 
favorab le  pe rmeab i l i t y  cha rac t e r i s t i c s  can  be  used  in  d e b 7  of l a r g e  active 
membrane su r face  ava i l ab le  wi th  th i s  conf igu ra t ion  ( r e fe rence  8). 
The c h a r a c t e r i s t i c s  and a p p l i c a t i o n s  of c e l l u l o s e  acetate membranes are 
discussed i n  de ta i l  i n  s eve ra l  r ecen t  r ev iews  ( r e fe rence  7-9).  Also, c r i t i c a l  
membrane parameters  and relat ionships  of i n t r i n s i c  water (A) and sal t  (B) 
permeabi l i t i es  to  the  per formance  of  membranes i n  d e s a l i n a t i o n  a p p l i c a t i o n s  are 
summarized i n  two r e c e n t  r e p o r t s  from the  Off ice  of  Sal ine Water (references 
5 , l o ) .  
Assuming a model based on independent water and sa l t  d i f f u s i o n  mechanisms, 
which works reasonably well f o r  c e l l u l o s e  acetate membranes (references 5,9,10) ,  
app rox ima te  va lues  fo r  t he  in t r in s i c  water and salt  pe rmeab i l i t i e s ,  A and B, 
may be obtained experimentally from respective water and salt  fluxes through a 
membrane by using the following expressions (reference 5). 
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DIRECT ION 
OF REVERSE 
OSMOSIS 
J1 - 
J1 - 
- 
- 
A =  
AP = 
AT = 
E 
B =  
AC = 
- =  A 
B 
A [AP - AT] 
water f l u x   i n  g/cm /sec 2 
and J2 = B AC, where 
J2 = sal t  f l u x   i n  g/cm 2 /sec 
- *  
i n t r i n s i c  water p e r m e a b i l i t y   i n  g/cm /sec/atm = 2 Dlclvl 
RTA 
app l i ed  p res su re  d i f f e rence  ac ross  membrane i n  atm 
osmotic  pressure difference = 8.2 AC X 100 i n  atm f o r  NaCl s o l u t i o n s ,  or 
[urea]  RT f o r  u r e a  s o l u t i o n s  
* 
D2K i n t r i n s i c  sa l t  permeabi l i ty  i n  cm/sec = -x 
N a C l  concent ra t ion  gradien t  across  membrane i n  g / d ,  and 
J, AC 
I 
J2[AP-8.2 AC X 1001 = permse lec t iv i ty  of membrane i n  g/ml/atm 
Thus, 
A and B values can be obtained from direct  osmosis flux measurements 
when AP = 0. 
The water f l u x  i n c r e a s e s  as the  appl ied  pressure  is increased beyond the 
osmotic pressure under reverse osmosis conditions. 
The water f lux  decreases  as the  osmot i c  p re s su re  inc reases  i f  t he  salt  
concentrat ion is a l lowed to  bui ld  up on the  pressur ized  s ide  of  the  membrane 
under reverse osmosis conditions. 
The sal t  f l u x  is independent of applied pressure.  
I n  view of factors (b) and (d) above, the higher the A/B r a t i o  of i n t r i n s i c  
water and s a l t  permeabi l i t i es  of  a mernbrw-e, t h e  more p u r i f i e d  water can be 
recovered  per  un i t  p ressure  on the  salt  s i d e  o f  t h e  membrane, as i l l u s t r a t e d  
in Table 5. 
The A/B r a t i o  can be used to evaluate and compare d i f f e r e n t  membranes 
independently of thickness under direct  and reverse osmosis conditions since 
* 
Where D l  = d i f f u s i o n  c o e f f i c i e n t  o f  water i n  t h e  mgmbrane i n  cm /sec; 
C1 = s o l u b i l i t y   o f  water i n   t h e  membrane i n  g/ml; V = p a r t i a l  molar volume 
of water i n  f e e d ;  R = gas constant in  a p p r o p r i a t e  u n i t s ;  T = abso lu te  tempera- 
t u r e ;  X = th ickness  of  "ac t ive"  desa l ina t ion  layer  of  membrane; D2 = d i f f u s i o n  
c o e f f i c i e n t  o f  salt  i n   t h e  membrane i n  cm2/sec; and K = d i s t r i b u t i o n  c o e f f i c i e n t  
of sa l t  between membrane and solut ion being desal inated.  
2 
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Table 5 
A/B Values Required f o r  Desalination t o  500 ppma 
FeedConc. Pressure, AP 
I I 400 p s i  I 600 p s i  I 800 p s i  I 1200 ps i  I 
a From reference 5,  p.  30. The  maximum salt  content of drinkable water under Public Health Service 
standards is 500 ppm; a = f ract ion of feed desalinated to this level.  The sal t  contents of seawater 
and urine are about 35,000 ppm. 
A and B are both  inverse ly  propor t iona l  to  f i lm th ickness ;  and  a l so  independent ly  
of salt  gradient  under  direct  osmosis  condi t ions when A and B are both pro- 
p o r t i o n a l  t o  t h e  salt g rad ien t .  
4.2 Pyrrones and Comparison w i t h  Other Membranes 
The resul ts  obtained with the Pyrrone f i lms show c o n s i d e r a b l e  v a r i a b i l i t y .  
Unfortunately,  there  was too l i t t l e  time f o r  a meaningful systematic investiga- 
t i o n  of the causes ,  e .g .  whether  the var iabi l i ty  was due t o  d i f f e r e n c e s  i n  t h e  
molecular weight of the prepolymers,  curing cycles,  and/or soaking and extrac- 
t ion t reatments .  We were preoccupied a t  f i r s t  w i th  l a rge ly  unsuccess fu l  a t t empt s  
t o  overcome the  l eve l ing  o f f  and actual  s toppage of  water f l u x  w i t h i n  t h e  f i r s t  
2-6 hours of a run by preparing new membranes and giving them d i f f e r e n t  c u r e s  
and presoaking treatments.  
Eventually,  i t  was found that i f  t he  expe r imen t  w a s  continued when t h e  
water f lux  s topped ,  the  f lux  increased  aga in  a t  rates approaching and sometimes 
exceeding the or iginal  rate. An example of the latter is t h e  i n c r e a s e  i n  f l u x  
observed with fi lm 0 (Table 1 and Figure 8).  These  S-shaped f l u x  i n t e r r u p t i o n s  
may involve water-sal t -membrane saturat ion equi l ibr ia  which could be s tudied in  
more d e t a i l  by f l u x  measurements using varying sal t  concentrat ions on b o t h  s i d e s  
of the membrane. 
Figures 3-14 are presented mainly to give an idea of the kind of  f lux proper-  
ties observed. They  do n o t  o f f e r  enough information for a r igorous  eva lua t ion  
of  the effects  of  var ious experimental  condi t ions such as membrane thickness ,  
d i f f e r e n t  c u r i n g  c y c l e s ,  and f i lm pretreatments ,  because few f i lms  were a l i k e  
and most experimental comparisons involved more than one var iable .  However, 
t h e r e  are some i n d i c a t i o n s  t h a t :  
1. The water and sal t  f luxes  are rough ly  inve r se ly  p ropor t iona l  t o  the  
thickness of the membrane (Figure ll), as normally expected. 
2. N a C l  and KC1 f luxes  are similar on a molar basis (Figure 10) and 
general ly  considerably less than  the  water f lux .  
3 .  Cur ing  the  f i lms  fo r  a t  least 12 hours a t  300" and presoaking the 
membranes overn ight  in  de ionized  water or  Soxhle t  ex t rac t ing  them-wi th  
water (Table l), as well as repeated use of  the membranes (Figure 9), 
increased  the  water f lux .  
4 .  Urine aging of PMDA-DAB membrane f o r  30 days produced a more l i n e a r  
water f l u x  w i t h  time (Figure 13), an increased sal t  f lux,  and a con- 
sequent lower A/B value.  The changes, however, were still w i t h i n  t h e  
range of  f lux var ia t ions observed 'wl th  different  unaged PMDA-DAB mem- 
branes (Table 1) and would t end  to  o f f se t  one  ano the r  t o  some e x t e n t  
under  pressurized reverse osmosis  conditions. "he p r e s e n t  r e s u l t s  
sugges t  t he re fo re ,  t ha t  a n e t  d e l e t e r i o u s  e f f e c t  of ur ine  ag ing  could  
be  kept  wi th in  to le rab le  limits. Conceivably the aging effect  could 
.be reduced,  once the effects  of  urea,  as noted below, are understood 
and corrected.  
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5. In the urea and water f lux experiments  (Table 4), the water flux was 
gene ra l ly  on the  low side though st i l l  within the range of  those ob- 
s e r v e d  i n  t h e  water and sal t  flux experiments (Tables 1 and 2) par- 
t i cu l a r ly  i f  t he  lower  osmot i c  p re s su re  of 3 w t .  % urea (12.4 atm) 
versus  tha t  o f  3 w t .  % N a C l  (24.6 a t m )  is taken into account .  The 
u r e a  f l u x  w a s  higher and consequently the A/B  value was lower than 
the  salt  va lues  fo r  PMDA-DAB membranes, b u t  u r e a  f l u x  and A/B value 
f o r  a BTDA-DAB membrane (Table 4 )  were c lose  to  those  ob ta ined  wi th  
salt (Table  2). As shown later, t h e  u r e a  r e j e c t i o n s  i n d i c a t e d  by 
t h e s e  r e s u l t s  are s u f f i c i e n t  f o r  BTDALDAB a n d  i n s u f f i c i e n t  f o r  PMDA- 
DAB membranes to  expec t  h igh  u rea  r e j ec t ion  wi th in  practical r eve r se  
osmosis  applied  pressure limits (up t o  ca. 100 atrn). The bleaching 
and polymer extension effects of exposing PMDA-DAB membranes t o  u r e a  
s o l u t i o n s ,  as noted earlier, may be  per t inent  here .  They may involve 
some s o r t  of so lva t ion  or  re laxa t ion  e f fec t  which ,  conce ivably ,  might  
be  reduced  respec t ive ly  by  fur ther  c ross l ink ing  o r  p r e r e l a x i n g  t h e  
polymer molecule by i n c l u d i n g  i n  t h e  polymer backbone sorhe s e c t i o n s  
which are more mobile on a molecular level. 
6 .  BTDA-DAB films gave s l igh t ly  lower  water f luxes than PMDA-DAB membranes 
(Table 2). 
7. The sa l t  flux through Pyrrone membranes was gene ra l ly  more constant  
wi th  time than water flux, though the lat ter s t i l l  appea r s  f a i r ly  
cons t an t  ove r  ex tended  pe r iods  i f  t he  in i t i a l  S-shaped i n t e r r u p t i o n  
i n   t h e  water flow is viewed as a small pe r tu rba t ion .  
The va l id i ty  o f  t hese  r e su l t s  and  conc lus ions  de r ived  from them need to  be  
inves t iga t ed  fu r the r  unde r  more sys temat ic  and  r igorous  tes t ing  condi t ions .  
However, s i n c e  t h e  water versus  salt  f l u x  v a r i a t i o n s  g e n e r a l l y  f e l l  i n  a range 
beyond tha t  observed  wi th  ce l lu lose  acetate membranes, t h i s  f e a s i b i l i t y  s t u d y  
does  ind ica t e  tha t  t he  water flux through Pyrrone membranes is similar t o  t h a t  
th rough ce l lu lose  acetate, and  supe r io r  w i th  r e spec t  t o  the  A/B r a t i o  of in- 
t r i n s i c  water and sal t  pe rmeab i l i t i e s ;  pa r t i cu la r ly  i f  ou r  bes - t  r e su l t s  w i th  
the Pyrrones shown i n  Table 6 are assumed t o  b e  i n d i c a t i v e  of those obtainable 
i n  f u r t h e r  o p t i m i z a t i o n  s t u d i e s .  
The pract ical  advantages of  a h igh  A/B r a t i o  shown earlier i n  T a b l e  5 a l s o  
bacome ev iden t  when appl ied pressures  required i n  reverse  osmosis  appl ica t ions  
t o  o b t a i n  h i g h  salt r e j e c t i o n @ )  are calculated from an equat ion der ived by 
Lonsdale  (eq. 4.3, r e fe rence  4 ,  p. 100) .   Restat ing  his   permeabi l i ty   expressions 
i n  terms of A/B g ives  
s =  1 Bc:' " A(AP-A.rr) 
Assuming c',' (g . water /ml  desa l ina ted  so lu t ion)  = 1, AP = two appl ied 
p r e s s u r e s  i n  atm. as ind ica t ed  below, AT (osmotic pressure of 3 w t .  % NaC1. 
s o l u t i o n )  = 20 a t m ,  and  in se r t ing  A/B = 1 f o r  c e l l u l o s e  acetate membranes and 
A/B = 100 for  Pyrrone  membranes, i t  is  s e e n  i n  T a b l e  7 t h a t  less appl ied 
p res su re  is requ i r ed  to  ob ta in  any p a r t i c u l a r  sa l t  r e j ec t ion  wi th  Pyr rones .  
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Table 6 
Comparison of  Pyrrones With Other Membranes  Under Direct Osmosis Conditions 
Thickness 
Fi lm & -
PMDA-DAB 13 
CA 33.6a 28 
23 
CA 37 .6a 19 
CA 39.!ia  20 
13 
15 
CA 39.8a 28 
29 
51 
28 
14 
10 
CA 43.2a 
Kapton Hb 
Hz0 Flux  
pg/cm2/sec 
7.5 
19 
19 
9.0 
3.3 
6.3 
5.4 
2.7 
2.5 
1.1 
3.4 
3.2 
1 x 
NaCl Flux  
pg/cm2/sec 
0.00008 
0.80 
0.79 
0.044 
0.044 
0.017 
0.074 
0.0053 
0.012 
0.018 
0.0046 
0.0079 
2 x 
A/B 
114 
0.0290 
0.0293 
0.249 
0.0914 
0.453 
0.0890 
0.621 
0.254 
0.0743 
0.902 
0.494 
a CA = symmetric cel lulose acetate  film. Number = wt % acetyl  content. 
Flux data taken from reference 10, p. 1343. I t  was d i f f i c u l t  t o  make  an. 
experimental comparison because we used unsupported Pyrrone films, whereas 
weaker t h i n  CA membranes require porous support. Avail able h i g h  f l u x  asymetr i  c 
CA membranes, e. g . from Eastman Kodak ' s  k i t ,  are  ca . 1 0 0 ~ .  thick and needed no 
support. Water f lux  was ca. 500 pg/cmz/sec w i t h  this membrane. 
Fluxes were negligible and too small t o  measure accurately i n  two attempts. 
Table 7 
Calculated Salt  Rejection(s) of Cellulose Acetate and 
Pyrrone Membranes a t  Various Applied Pressures ( AP) 
AP (atm) % S for  Cellulose  Acetate % S f o r  Pyrrone 
21 
120 
50 
99.0099 
99.0099 
99.9900 
The salt r e j e c t i o n  is defined as t h e  f r a c t i o n  of salt  i n  t h e  f e e d  h e l d  
back by t h e  membrane p e r  u n i t  volume of water going through the membrane, pe r  
u n i t  membrane area, p e r  u n i t  time. The salt  f l u x  i s  unaffected by appl ied 
p res su re  as discussed earlier. Thus, the  low salt  r e j e c t i o n  of c e l l u l o s e  
acetate a t  21 atm appl ied pressure,  i.e. 1 atm over the counteracting osmotic 
p r e s s u r e ,  r e f l e c t s  low water f l u x  r a t h e r  t h a n  a change i n  salt  f l u x  a t  t h a t  
pressure.  However, because the sa l t  flux through Pyrrones is lower to  begin 
wi th ,  the  sa l t  r e j e c t i o n  w i t h  a Pyrrone membrane reaches 99% even a t  t h i s  
low pressure.  
The A/B values obtained from the urea and water f l u x  r e s u l t s  f o r  PMDA-DAB 
membranes were lower than those derived from salt  and water f luxes (Table  4). 
Consequently,  on inserting AT = [urea]  RT and the  average  of  the  low A/B values  
(0.073)into the equation for S above,  the appl ied pressure required for  > 99% 
u r e a  r e j e c t i o n  as noted below is t o o  h i g h  f o r  p r a c t i c a l  reverse osmosis appli-  
ca t ion .  
AP (atm) % S (urea w i t h  PMDA-DAB) 
1010 99.86 
1510 99.91 
However, i n s e r t i n g  A/B = 2.63 f o r  u r e a  w i t h  a BTDA-DAB membrane (Table 4) 
i n t o  t h e  e q u a t i o n  f o r  S above ,  g ives  h igh  urea  re jec t ion  wi th in  the  prac t ica l  
p re s su re  liiit of about 100 atm. 
AP (atm) % S (urea w i t h  BTDA-DAB) 
1 1  72.45 
110 99.62 
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Another feature of high sa l t  r e j e c t i o n  is t h a t  small incremental improve- 
ments i n  t h e  99-100% sa l t  r e j ec t ion  r ange  l ead  to  ma jo r  improvements i n  t h e  
f rac t ion  of  feed  tha t  can  be  recovered  as desa l ina t ed  water. Table 8, taken 
from r e p o r t  255 prepared by the Off ice  of  Sal ine Water (reference 5,  p .  211,  
shows ca l cu la t ed  s a l t  r e j e c t i o n s  (SRf*) r e q u i r e d  t o  r e c o v e r  c e r t a i n  f r a c t i o n s  
(a) as desa l ina t ed  water from various feeds.  The r e s u l t s  f o r  t h e  35000 ppm 
feed are pa r t i cu la r ly  in t e re s t ing  because  such  so lu t e  concen t r a t ions  are found 
i n   u r i n e  and seawater. 
These e v a l u a t i o n s  o f  t h e  u l t i m a t e  a p p l i c a b i l i t y  of Pyrrone membranes and 
comparisons with cellulose acetate membranes are based  on  in t r in s i c  membrane 
water and  so lu te  permeabi l i ty  proper t ies  ob ta ined  wi th  symmetric simple solu- 
t i o n  cast fi lms of Pyrrones and cellulose acetate. However,  more porous  and 
water permeable asymmetric cellulose acetate membranes have been developed 
and  used i n  most recent  desal inat ion s tudies .  This  development  i s  u s e f u l  i n  
view of  the previously discussed observat ion that  appl ied pressure enhances the 
water f l u x  more than s a l t  f lux .  Such modif ied or  asymmetric c e l l u l o s e  acetate 
membranes, f i r s t  developed by Loeb and Sourirajan,  are made by various solu- 
t ion   cas t ing   t echniques  (Loeb,  Chapter 3 ,  re ference  9 ) .  They c o n s i s t  of a 
r e l a t i v e l y  t h i c k ,  ca. 100 p spongy membrane with a h a r d  s k i n  s i m i l a r  t o  conven- 
t i o n a l l y  cast f i l m  which serves as t h e  p r i n c i p a l  s a l t  b a r r i e r .  The water f l u x  
p rope r t i e s  of these  asymmetric membranes are  about  100-1000 times b e t t e r  t h a n  
those of thinner conventional symmetric membranes. 
It seems reasonable  to  be l ieve  tha t  Pyr rone  membranes could be physically 
modified i n  a similar manner by developing appropriate  f i lm forming procedures .  
The more favorable properties of the Pyrrones such as compressive strength,  
chemical  durabi l i ty ,  and A/B r a t i o  of i n t r i n s i c  water and sa l t  pe rmeab i l i t i e s ,  
could then be exploi ted in  several  ways t o  y i e l d  more du rab i l i t y  and /o r  g rea t e r  
water to  sa l t  f l uxes  than  can  be  ob ta ined  wi th  ce l lu lose  ace t a t e .  Fo r  in s t ance ,  
t h e  b e t t e r  A/B r a t i o  i t s e l f  would enhance the  water t o  salt  f l u x  and s a l t  
re ject ion under  pressure,  and this  could be maintained longer  or  increased 
f u r t h e r  by higher  pressures  than can be used with asymmetr ic  cel lulose acetate  
membranes i n  view  of  higher  compressive  strength  of  the  Pyrrones. O r ,  the  
water  f lux ,  sa l t  re jec t ion ,  and  desa l ina ted  water recovery could be further 
increased by using Pyrrones that are more porous and permeable to water than 
asymmetric c e l l u l o s e  a c e t a t e  membranes and ye t  could  wi ths tand  s imi la r  pres -  
s u r e s  i n  view of b e t t e r  s t r e n g t h .  
We b e l i e v e ,  t h e r e f o r e ,  t h a t  t h e  p r a c t i c a l  s i g n i f i c a n c e  of the observed 
Pyrrone  f lux  proper t ies  is  as follows. 
5.  CONCLUSION 
Comparable water f l u x  a n d  s u p e r i o r  i n t r i n s i c  water t o  s a l t  permeabi l i ty  
propert ies  of  Pyrrone versus  symmetric c e l l u l o s e  acetate membranes, coupled 
wi th  be t te r  s t rength  and  chemica l  res i s tance ,  sugges t  tha t  asymmetr ica l ly  
*SRf(inal)  = S a l t  r e j e c t i o n  r e q u i r e d  a t  t h e  " f i n a l  s t a g e "  of recovering a 
f eed  f r ac t ion  ( a )  as desa l ina t ed  water. SRf 'I SRi (n i t i a1 )  fo r  h igh  s a l t  
r e j e c t i o n  membranes. 
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Table 8 
% SRf as a Func t ion  o f  t he  % Water Recovery, & X  100, a t  
D i f f e r e n t  Feed Concentrat ion 
For 35000 ppm -f 500 ppm 
a = O  % SRf = 98.6 
0.25  99.0 
0.50  99.4 
0.75  99.7 
0.90  99.9 
For 3000 ppm -f 500 ppm 
a = O  % SRf = 83.3 
0.25 87 .O 
0.50 90.9 
0.75 95.3 
0.90 98.0 
For 1500 ppm -f 500 ppm 
a = O  % SRf = 66.7 
0.25 72.8 
0.50 80.3 
0.75 88.9 
0.90 95.2 
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modified Pyrrone membranes, i f  they could be prepared, may outperform the 
b e s t  reverse osmosis membrane developed  to  da te ,  i . e . ,  the asymmetr ical ly  
modi f ied  ce l lu lose  acetate membrane. 
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